Introduction
============

Lung cancer is a malignant disease and is the most common cause of cancer-related deaths (45.60/100,000) in China ([@b1-ol-0-0-11802]). Lung cancer is classified into non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC) according to the pathological features ([@b2-ol-0-0-11802]). A major clinical issue associated with the lung cancer is the increased resistance of tumors to chemotherapy ([@b3-ol-0-0-11802]), resulting in a 5-year survival rate of \<15% in patients with NSCLC ([@b4-ol-0-0-11802]).

Lung cancer stem cells participate in cancer initiation, progression and drug resistance ([@b5-ol-0-0-11802],[@b6-ol-0-0-11802]). In a previous study, lung cancer stem-like cells (LCSLCs) were established from SCLC H446 cells and it was reported that Fructus Viticis total flavonoids, a candidate Chinese medicine preparation, inhibited the tumorigenic characteristics of LCSLCs ([@b7-ol-0-0-11802]). Codony-Servat *et al* ([@b8-ol-0-0-11802]) highlighted the importance of cancer stem cells (CSCs) in cancer progression and their involvement in the drug resistance, recurrence and metastasis of various tumors. Therefore, eradicating LCSLCs may serve as an alternative therapeutic strategy for lung cancer.

Manganese superoxide dismutase (MnSOD) is an important antioxidant enzyme that eliminates the superoxide anion (O^2−^) and transforms it into hydrogen peroxide (H~2~O~2~) ([@b9-ol-0-0-11802]). MnSOD overexpression promotes the occurrence and development of lung cancer ([@b10-ol-0-0-11802]) and several other types of human malignant tumors, including gastric cancer ([@b11-ol-0-0-11802]), glioblastoma ([@b12-ol-0-0-11802]) and cervical cancer ([@b13-ol-0-0-11802]). However, the involvement of MnSOD in cancer progression is controversial. The majority of the studies have suggested that MnSOD overexpression suppresses the malignant phenotype of melanoma ([@b14-ol-0-0-11802]), and pancreatic ([@b15-ol-0-0-11802]) and colorectal carcinoma ([@b16-ol-0-0-11802]). In addition, a previous study provided mechanistic evidence demonstrating that the LCSLC properties of the NSCLC H460 cell line were enhanced by Forkhead box protein M1 (FoxM1) activation, which occurred via MnSOD overexpression ([@b17-ol-0-0-11802]).

FoxM1 belongs to the Forkhead transcription factor family, which is upregulated in various types of cancer, such as breast cancer, NSCLC, glioblastoma, medulloblastoma, pancreatic, and colon and prostate carcinoma ([@b18-ol-0-0-11802]--[@b23-ol-0-0-11802]). FoxM1 knockdown did not affect MnSOD expression in lung cancer cells, but upregulated FoxM1 via upregulation of E2F transcription factor 1 and Sp1 transcription factor ([@b10-ol-0-0-11802]). Similar results were obtained in a study using H460 cells ([@b17-ol-0-0-11802]). The present study investigated the potential of MnSOD and FoxM1 as drug targets of genistein in LCSLCs.

Genistein is a flavonoid that is present in soy and exhibits cancer preventive activity via various mechanisms of action ([@b24-ol-0-0-11802]--[@b27-ol-0-0-11802]). Genistein has primarily been examined for its ability to inhibit carcinogenesis ([@b24-ol-0-0-11802]--[@b27-ol-0-0-11802]). For example, genistein and its derivative 7-difluoromethoxyl-5,4′-di-n-octylgenistein inhibit ovarian cancer stem cell characteristics by modulating the expression of FoxM1 ([@b28-ol-0-0-11802],[@b29-ol-0-0-11802]). Several studies have indicated that genistein inhibits cell migration and invasion in colon ([@b30-ol-0-0-11802]), ovarian ([@b31-ol-0-0-11802]) and cervical cancer ([@b32-ol-0-0-11802]), as well as in melanoma ([@b33-ol-0-0-11802]). A recent study also demonstrated that isovitexin reduces carcinogenicity and stemness in hepatic carcinoma stem-like cells by modulating MnSOD and FoxM1 expression ([@b34-ol-0-0-11802]). However, whether genistein can inhibit the characteristics of LCSLCs via modulation of MnSOD and FoxM1 expression is not completely understood.

In the present study, the effects of genistein on the stem-like characteristics of H460- and A549-derived LCSLCs were investigated. The results indicated that genistein attenuated the characteristics of LCSLCs by modulating MnSOD and FoxM1 expression levels. Therefore, the present study indicated that genistein may serve as a therapeutic for lung cancer.

Materials and methods
=====================

### Cell culture and sphere formation assay

Human lung fibroblast IMR-90, and lung cancer H460 and A549 cells (The Cell Bank of Type Culture Collection of the Chinese Academy of Sciences) were cultured in DMEM supplemented with 10% FBS (both Gibco; Thermo Fisher Scientific, Inc.) and penicillin/streptomycin in a 5% CO~2~ incubator at 37°C.

For sphere formation, cells were cultured in CSC medium (CSC-M), which consisted of DMEM/F12 (Gibco; Thermo Fisher Scientific, Inc.), human recombinant basic fibroblast growth factor (hrbFGF; 20 ng/ml; eBioscience; Thermo Fisher Scientific, Inc.), human recombinant epidermal growth factor (hrEGF; 20 ng/ml; eBioscience; Thermo Fisher Scientific, Inc.), 5 µg/ml insulin (Sigma-Aldrich; Merck KGaA), 0.4% BSA (Invitrogen; Thermo Fisher Scientific, Inc.) and 2% B27 (Invitrogen; Thermo Fisher Scientific, Inc.) as previously described ([@b14-ol-0-0-11802],[@b31-ol-0-0-11802]). Following incubation for 6 days at 37°C with 5% CO~2~ to obtain the first-generation spheres, these were further subjected to sphere culture to yield the second-generation spheres used as LCSLCs.

When their diameter was \>50 µm, primary spheroids were treated with or without genistein (Sigma-Aldrich; Merck KGaA) at the indicated concentrations for 48 h at 37°C. Subsequently, spheroids were obtained by centrifugation at 200 × g for 5 min at room temperature, trypsin-EDTA digestion and mechanical disruption. Single cells were washed with PBS (Invitrogen; Thermo Fisher Scientific, Inc.) and transferred into CSC-M for sphere induction. The sphere formation rate (%) of second-generation spheroids was subsequently recorded according to the following formula: Number of spheres formed/number of cells seeded ×100.

### Cell viability assay

Cell viability was determined using the Cell Counting Kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Inc.) according to the manufacturer\'s protocol. Briefly, IMR-90, H460 and A549 cells (1×10^4^ cells/well) were incubated for 24 h at 37°C. Subsequently, cells were treated with increasing concentrations of genistein (0, 20, 40, 80 or 160 µm) for 48 h at 37°C. CCK-8 reagent (10 µl) was added to each well and incubated for 4 h at 37°C. The absorbance of each well was measured at a wavelength of 450 nm (A~450~) using a Synergy™ 2 Multi-Mode Microplate Reader (BioTek Instruments, Inc.).

### Assessment of protein expression

Western blotting was conducted as previously described ([@b30-ol-0-0-11802]). Primary antibodies (1:1,000) targeted against the following were used: β-actin (cat. no. A5441; Sigma-Aldrich; Merck KGaA), MnSOD (cat. no. ab13533; Abcam), FoxM1 (cat. no. sc-502; Santa Cruz Biotechnology, Inc.), cluster of differentiation (CD)133 (cat. no. 5860S; Cell Signaling Technology, Inc.), CD44 (cat. no. 3570S; Cell Signaling Technology, Inc.), BMI1 proto-oncogene, polycomb ring finger (Bmi1; cat. no. 5855S; Cell Signaling Technology, Inc.) and Nanog homeobox (Nanog; cat. no. 3580S; Cell Signaling Technology, Inc.). Protein bands were visualized using ECL (Amersham; Cytiva).

### Wound-healing assay

The wound-healing assay was performed as previously described ([@b35-ol-0-0-11802]). Briefly, H460, A549 cells or their corresponding LCSLCs were seeded (2×10^5^ cells/well) into a 6-well plate. At 90% confluence, the cell monolayer was scratched using a sterile 100 µl pipette tip, washed several times with PBS to remove cell debris and incubated for 24 h with serum-free medium at 37°C. In each well, three parallel wounds were marked on the bottom of the plates. Wounds were photographed at 0 and 24 h using an IX71 inverted fluorescence microscope (Olympus Corporation; magnification, ×100). The rate of cell migration (%) was calculated as follows: \[(Wound width at 0 h-wound width at 24 h)/wound width at 0 h\] ×100.

### Transwell invasion assay

Invasion assays were performed using 24-well Transwell chambers (pore size, 8 µm; Corning, Inc.). The upper surface of the Transwell membrane was pre-coated with Matrigel^®^ (Sigma-Aldrich; Merck KGaA) for 1 h at room temperature. Cells were seeded (1×10^5^) into the upper chambers with DMEM containing 0.1% FBS. DMEM containing 20% FBS was plated into the lower chambers. Following incubation for 24 h at 37°C, the invading cells on the lower surface of the membrane were fixed with 4% pentanediol for 10 min at 4°C, stained with 0.1% crystal violet for 30 min at room temperature and counted in five randomly selected fields of view using a light microscope (magnification, ×200).

### Cell transduction

Transduction of MnSOD- and FOXM1-targeted short hairpin RNAs or overexpression plasmids was performed as previously described ([@b17-ol-0-0-11802]). The overexpression plasmids pHBad-MCMV-GFP-MnSOD and pHBad-MCMV-GFP-FoxM1, and their control plasmid pHBad-MCMV-GFP (empty vector), as well as knockdown plasmids pHBad-U6-GFP-sh MnSOD and pHBad-U6-GFP-sh FOXM1, and their control plasmid pHBad-U6-GFP (scrambled) were synthesized and purified from Hanbio Biotechnology Co., Ltd. H460 cells or LCSLCs were cultured in petri dishes at 40--50% confluence and incubated overnight at 37°C. Subsequently, cells were infected with the aforementioned plasmid packaging adenoviral particles (2 ml; 1×10^11^ PFU/ml; Hanbio Biotechnology Co., Ltd.) with the enhanced infection solution (ENi.s; cat. no. REVG0002; Shanghai GeneChem Co., Ltd.) in Opti-MEM (Invitrogen; Thermo Fisher Scientific, Inc.) for 4 h at 37°C with a multiplicity of infection of 100. Infection efficiency was assessed by counting GFP-positive and live cells under an inverted fluorescence microscope (Olympus IX71; Olympus Corporation; data not shown). Following infection, the transduction medium was replaced with DMEM containing 10% FBS, and cells were incubated for a further 48 h at 37°C and used for subsequent experiments.

### Statistical analysis

Statistical analyses were performed using SPSS software (version 22.0; IBM Corp.). Data are presented as the mean ± SD (n\>3). Comparisons among multiple groups were analyzed using one-way ANOVA followed by Tukey\'s post hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Genistein inhibits LCSLC CSLC characteristics

Genistein (80 and 160 µM) significantly decreased H460 and A549 lung cancer cell viability compared with IMR-90 human lung fibroblasts ([Fig. 1A](#f1-ol-0-0-11802){ref-type="fig"}), which suggested that genistein (80 and 160 µM) inhibited lung cancer cell viability, but displayed limited toxicity on normal lung cells. To reduce the cytotoxic effects of genistein, sub-cytotoxic concentrations of genistein (20 µM for H460-derived LCSLCs and 40 µM for H460 cells) were selected for investigating the effects of genistein on LCSLC stemness, migration and invasion. At sub-cytotoxic concentrations, genistein (20 and 40 µM) significantly inhibited H460-derived LCSLC sphere formation compared with the control group ([Figs. 1B](#f1-ol-0-0-11802){ref-type="fig"} and [S1A](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). Furthermore, genistein (20 and 40 µM) significantly decreased the protein expression levels of CD133, CD44 ([Figs. 1C](#f1-ol-0-0-11802){ref-type="fig"} and [S1B](#SD1-ol-0-0-11802){ref-type="supplementary-material"}), Bmi1, Nanog ([Figs. 1D](#f1-ol-0-0-11802){ref-type="fig"} and [S1C](#SD1-ol-0-0-11802){ref-type="supplementary-material"}), MnSOD and FoxM1 ([Figs. 1E](#f1-ol-0-0-11802){ref-type="fig"} and [S1D](#SD1-ol-0-0-11802){ref-type="supplementary-material"}) compared with the control group. Moreover, following incubation with genistein (20 and 40 µM) for 24 h, LCSLC cell migration and invasion were significantly decreased compared with the control group ([Figs. 1F, G](#f1-ol-0-0-11802){ref-type="fig"}, [S1E and SF](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). The results indicated that genistein suppressed H460-derived LCSLC self-renewal, migratory and invasive activities, potentially by downregulating the expression of MnSOD and FoxM1.

### Effects of genistein on H460 MnSOD-overexpression cell CSLC characteristics

To further investigate whether the effects of genistein on the characteristics of LCSLCs were associated with modulation of MnSOD expression, MnSOD-overexpression H460 cells were used. MnSOD-overexpression H460 cells displayed significantly increased MnSOD and FoxM1 expression levels compared with the GFP cDNA group ([Figs. 2A](#f2-ol-0-0-11802){ref-type="fig"} and [S2A](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). MnSOD overexpression not only enhanced the self-renewal capability of H460 cells, but also significantly upregulated the expression levels of CD133, CD44, Bmi1 and Nanog compared with the GFP cDNA group ([Figs. 2B-D](#f2-ol-0-0-11802){ref-type="fig"} and [S2B-D](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). In addition, the suppressive effects of genistein on cell migration and invasion were almost completely abrogated by MnSOD overexpression in H460 cells ([Figs. 2E-F](#f2-ol-0-0-11802){ref-type="fig"} and [S2E-F](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). Similarly, MnSOD overexpression resulted in almost complete abrogation of the inhibitory effects of genistein (40 µM) on H460 cell CSLC characteristics, which indicated that H460 cell CSLC characteristics were dependent on modulation of MnSOD expression ([Figs. 2B-F](#f2-ol-0-0-11802){ref-type="fig"} and [S2B-F](#SD1-ol-0-0-11802){ref-type="supplementary-material"}).

### Effects of genistein and MnSOD knockdown on LCSLC CSLC characteristics

To investigate the preventive action of genistein on MnSOD and FoxM1 expression in LCSLCs, MnSOD expression was knocked down via infection with MnSOD short hairpin (sh)RNA-harboring adenoviruses. MnSOD knockdown significantly decreased the expression levels of MnSOD and FoxM1 compared with the sh-negative control (NC) group ([Figs. 3A](#f3-ol-0-0-11802){ref-type="fig"} and [S3A](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). MnSOD knockdown also significantly inhibited LCSLC sphere formation compared with the shNC group ([Figs. 3B](#f3-ol-0-0-11802){ref-type="fig"} and [S3B](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). Genistein (20 µM) further inhibited the self-renewal activity of MnSOD-knockdown LCSLCs compared with the shNC, shMnSOD and shNC + genistein (20 µM) groups ([Figs. 3B](#f3-ol-0-0-11802){ref-type="fig"} and [S3B](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). Furthermore, following MnSOD knockdown, the suppressive effects of genistein (20 µM) on CD133, CD44 ([Figs. 3C](#f3-ol-0-0-11802){ref-type="fig"} and [S3C](#SD1-ol-0-0-11802){ref-type="supplementary-material"}), Bmi1 and Nanog expression levels ([Figs. 3D](#f3-ol-0-0-11802){ref-type="fig"} and [S3D](#SD1-ol-0-0-11802){ref-type="supplementary-material"}) were significantly enhanced compared with the shNC + genistein (20 µM) group. Moreover, the shMnSOD + genistein (20 µM) group significantly reduced cell migration and invasion compared with the shMnSOD and shNC + genistein (20 µM) groups ([Figs. 3E, F](#f3-ol-0-0-11802){ref-type="fig"}, [S3E and SF](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). The results suggested that genistein inhibited LCSLC characteristics, potentially via modulation of MnSOD expression, whereas FoxM1 may be affected as a downstream signaling protein following alteration of MnSOD expression.

### Effects of genistein on H460 FoxM1-overexpression cell CSLC characteristics

FoxM1 overexpression affects CSLC characteristics ([@b28-ol-0-0-11802]). To investigate whether the inhibitory effect of genistein on LCSLC characteristics was FoxM1-mediated, FoxM1-overxpression H460 cells were used. FoxM1-overexpression H460 cells displayed significantly increased FoxM1 protein expression levels, but MnSOD expression levels were not significantly altered compared with the GFP cDNA group ([Figs. 4A](#f4-ol-0-0-11802){ref-type="fig"} and [S4A](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). Moreover, FoxM1 overexpression significantly promoted H460 cell LCSLC characteristics compared with the GFP cDNA group ([Figs. 4B-F](#f4-ol-0-0-11802){ref-type="fig"} and [S4B-F](#SD1-ol-0-0-11802){ref-type="supplementary-material"}), and reversed the suppressive effects of genistein (40 µM) on LCSLCs ([Figs. 4B-F](#f4-ol-0-0-11802){ref-type="fig"} and [S4B-F](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). The results indicated that the inhibitory effects of genistein were dependent on modulation of FoxM1 expression and provided evidence that genistein-mediated downregulation of MnSOD expression may be an upstream event of FoxM1 expression inhibition.

### Effects of genistein and FoxM1 knockdown on LCSLC CSLC characteristics

The effects of FoxM1 and genistein on the stem-like characteristics of LCSLCs were further examined. Compared with the control (shNC group), the basal levels of MnSOD protein expression were not significantly altered by FOXM1 knockdown ([Figs. 5A](#f5-ol-0-0-11802){ref-type="fig"} and [S5A](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). Moreover, FoxM1 knockdown combined with genistein (20 µM) treatment was not able to significantly alter MnSOD expression compared with the shNC + genistein (20 µM) groups ([Figs. 5A](#f5-ol-0-0-11802){ref-type="fig"} and [S5A](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). The present result indicated that FoxM1 knockdown does not affect the inhibitory effect of genistein on MnSOD expression. However, FoxM1 knockdown combined with genistein (20 µM) treatment significantly suppressed the self-renewal activity of LCSLCs compared with the shNC + genistein (20 µM) and shFoxM1 groups ([Figs. 5B](#f5-ol-0-0-11802){ref-type="fig"} and [S5B](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). Moreover, FOXM1 knockdown combined with genistein (20 µM) treatment significantly reduced the expression levels of CD133, CD44 ([Figs. 5C](#f5-ol-0-0-11802){ref-type="fig"} and [S5C](#SD1-ol-0-0-11802){ref-type="supplementary-material"}), Bmi1 and Nanog ([Figs. 5D](#f5-ol-0-0-11802){ref-type="fig"} and [S5D](#SD1-ol-0-0-11802){ref-type="supplementary-material"}) compared with the shNC + genistein (20 µM) and shFoxM1 groups. In addition, the shFoxM1 + genistein (20 µM) group significantly reduced cell migration and invasion to a lower level compared with the shFoxM1 and shNC + genistein (20 µM) groups ([Figs. 5E, F](#f5-ol-0-0-11802){ref-type="fig"}, [S5E and SF](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). The results suggested that genistein inhibited LCSLC characteristics, potentially by modulating FoxM1 expression, whereas genistein-mediated alterations to MnSOD expression levels may be an upstream event of the alterations to FoxM1 expression levels.

### Genistein-induced inhibition of LCSLCs may be mediated via the MnSOD/FoxM1 axis

To assess whether genistein inhibited LCSLC CSLC characteristics by suppressing MnSOD and FoxM1 expression, an additional established lung cancer cell line (A549) was selected. In A549-derived LCSLCs, MnSOD and FoxM1 expression levels ([Figs. 6A](#f6-ol-0-0-11802){ref-type="fig"} and [S6A](#SD1-ol-0-0-11802){ref-type="supplementary-material"}) and sphere formation rates ([Figs. 6B](#f6-ol-0-0-11802){ref-type="fig"} and [S6B](#SD1-ol-0-0-11802){ref-type="supplementary-material"}) were significantly decreased following treatment with genistein (20 and 40 µM) compared with the control group. Furthermore, genistein (20 and 40 µM) significantly decreased the protein expression levels of CD133, CD44, Bmi1 and Nanog compared with the control group ([Figs. 6C, D](#f6-ol-0-0-11802){ref-type="fig"}, [S6C and SD](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). In addition, the results indicated that A549-derived LCSLC migration and invasion were significantly suppressed by genistein compared with the control group ([Figs. 6E, F](#f6-ol-0-0-11802){ref-type="fig"}, [S6E and SF](#SD1-ol-0-0-11802){ref-type="supplementary-material"}). Collectively, the results suggested that the MnSOD/FoxM1 axis may be involved in genistein-mediated inhibition of LCSLC stem cell characteristics.

Discussion
==========

Identification of the mechanism and biological function of LCSLCs is vital for the development of novel treatment strategies for lung cancer. MnSOD increases lung tumor invasion by modulating FoxM1 expression ([@b10-ol-0-0-11802]). It was also recently reported that MnSOD and FoxM1 expression levels were increased in H460-derived LCSLCs ([@b17-ol-0-0-11802]), and isovitexin reduced hepatic carcinoma stem-like cell carcinogenicity and stemness by modulating MnSOD and FoxM1 expression levels ([@b34-ol-0-0-11802]). The present study indicated that genistein inhibited LCSLC CSLC characteristics via modulation of MnSOD and FoxM1 expression. The results suggested that the expression levels of MnSOD and FoxM1 may be associated with the suppressive effects of genistein on the stem cell characteristics of NSCLC H460 and A549 cell lines.

Genistein exhibits cancer preventive activities. Bao *et al* ([@b36-ol-0-0-11802]) demonstrated that FoxM1 overexpression reversed genistein-mediated suppression of CSC characteristics. Huang *et al* ([@b37-ol-0-0-11802]) reported that genistein-induced increased chemosensitivity was associated with inhibition of ERK1/2 activity in gastric cancer cells. Genistein further inhibited breast cancer stem-like cell formation in MCF-7 breast cancer cells by downregulating the Hedgehog-GLI family zinc finger 1 signaling pathway ([@b38-ol-0-0-11802]). In addition, genistein also induces colorectal cancer cell apoptosis by inhibiting the NF-κB signaling pathway ([@b39-ol-0-0-11802]). Collectively, the aforementioned studies suggested that the modulation of multiple signaling pathways contributes to the anticancer effects of genistein. In the present study, sub-cytotoxic concentrations of genistein inhibited the sphere-forming, migratory and invasive activities of H460- and A549-derived LCSLCs, which indicated that genistein inhibited the stemness properties of LCSLCs. Kopanja *et al* ([@b40-ol-0-0-11802]) reported that inhibition of FoxM1 preferentially eliminated Huh-7 liver cancer cells with stem cell features. The present study demonstrated that modulation of MnSOD and FoxM1 expression was an important signaling pathway associated with the anticancer activity of genistein in NSCLC-derived LCSLCs.

The role of MnSOD in cancer progression is controversial. A previous study reported that MnSOD expression increases lung adenocarcinoma metastasis via the FoxM1/matrix metallopeptidase 2 axis ([@b10-ol-0-0-11802]). It has also been reported that MnSOD overexpression promotes FoxM1-mediated acquisition of tumor stem-like cell functions and characteristics of human lung cancer H460 cells ([@b17-ol-0-0-11802]). In the present study, the results suggested that genistein decreased the protein expression levels of MnSOD and the self-renewal activity of LCSLCs via inhibition of FoxM1 protein expression. Compared with genistein treatment alone, MnSOD knockdown enhanced the effects of genistein, whereas MnSOD overexpression antagonized the anticancer effects of the drug. The results indicated that MnSOD was a target of genistein for the inhibition LCSLC self-renewal activity.

Inhibition of the oncogenic function of FoxM1 can be used as a potential treatment strategy for lung cancer ([@b41-ol-0-0-11802]). Genistein causes downregulation of FoxM1 in lung cancer cells ([@b42-ol-0-0-11802]). In addition, genistein can also induce MCF-7 cell apoptosis and autophagy by decreasing the mRNA levels of FoxM1 ([@b43-ol-0-0-11802]). Furthermore, 7-difluoromethoxyl-5,4′-di-n-octyl genistein, a genistein derivative, inhibits the expression of FoxM1 in ovarian and gastric cancer cells ([@b29-ol-0-0-11802],[@b44-ol-0-0-11802]--[@b46-ol-0-0-11802]). In the present study, the results suggested that genistein blocked the function and properties of LCSLCs by downregulating FoxM1 expression. Su *et al* ([@b47-ol-0-0-11802]) reported that FoxM1 promoted CD133^+^CD44^+^ lung cancer stem cell migration and invasion, and induced the expression of twist family bHLH transcription factor. In the present study, the results indicated that genistein inhibited H460- and A549-derived LCSLC migration and invasion, potentially via downregulation of MnSOD and FoxM1 expression levels. The results also indicated that genistein inhibited LCSLC CSLC characteristics via modulation of MnSOD and FoxM1 expression. However, the present study did not establish dual-overexpression or -knockdown of MnSOD and FoxM1 in the lung cancer cell lines. Therefore, further investigation is required to verify the role of the MnSOD/FoxM1 axis in genistein-mediated inhibition of LCSLC CSLC characteristics, which may have significance in translational medicine.

CD133 is the most common marker used for CSC isolation and CD133 levels are associated with tumor stage in lung cancer ([@b48-ol-0-0-11802]). CD44 is a major marker of stem-like cancer cells and can promote metastatic activity in CD133^+^CD44^+^ LCSLCs via the Wnt/β-catenin signaling pathway and the downstream target FoxM1 ([@b44-ol-0-0-11802]). Therefore, the functional CSC surface markers may be part of the molecular mechanism underlying genistein-mediated inhibition of LCSLC self-renewal activity.

In conclusion, the present study indicated that the anticancer actions of genistein were mediated via modulation of MnSOD and FoxM1 expression. Further investigations are required to explore the direct and indirect regulation of MnSOD and FoxM1 expression by genistein, and to assess the efficacy of genistein in pre-clinical animal models of lung cancer. Despite the limitations of the present study, the results suggested a novel mechanism underlying genistein-mediated inhibition of MnSOD and FoxM1 expression, and indicated that genistein may abrogate CSC characteristics in human lung cancer.
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![Genistein inhibits cancer stem-like cell characteristics of H460-derived LCSLCs. (A) The Cell Counting Kit-8 assay was performed to assess IMR-90, H460 and A549 cell viability following treatment with genistein (20--160 µM). \*P\<0.05 vs. 0.0 µM GEN; ^\#^P\<0.05 vs. 20.0 µM GEN. (B) Spheroid formation (scale bar, 100 µm). Western blotting was performed to determine the expression levels of (C) CD133, CD44, (D) Bmi1, Nanog, (E) MnSOD and FoxM1. Cell (F) migration (scale bar, 200 µm) and (G) invasion (scale bar, 100 µm) rates in H460-derived LCSCLs following treatment with genistein (20 or 40 µM). LCSLC, lung cancer stem-like cell; CD, cluster of differentiation; Bmi1, BMI1 proto-oncogene, polycomb ring finger; Nanog, Nanog homeobox; MnSOD, manganese superoxide dismutase; FoxM1, Forkhead box protein M1; GEN, genistein.](ol-20-03-2506-g00){#f1-ol-0-0-11802}

![MnSOD overexpression antagonizes genistein-mediated effects on H460 cell LCSLC characteristics. (A) MnSOD overexpression antagonized the inhibitory effects of genistein on the protein expression levels of MnSOD and FoxM1 in H460 cells. (B) MnSOD overexpression antagonized the inhibitory effect of genistein on the spheroid formation activity of LCSLCs (scale bar, 100 µm). MnSOD overexpression antagonized genistein-mediated reductions in the protein expression levels of (C) CD133, CD44, (D) Bmi1 and Nanog in H460 cells. MnSOD overexpression antagonized genistein-mediated inhibition of H460 cell (E) migration (scale bar, 200 µm) and (F) invasion (scale bar, 100 µm). MnSOD, manganese superoxide dismutase; LCSLC, lung cancer stem-like cell; FoxM1, Forkhead box protein M1; CD, cluster of differentiation; Bmi1, BMI1 proto-oncogene, polycomb ring finger; Nanog, Nanog homeobox; GEN, genistein.](ol-20-03-2506-g01){#f2-ol-0-0-11802}

![Cooperative effects of genistein and MnSOD knockdown on cancer stem-like cell characteristics of H460-derived LCSLCs. (A) Effect of genistein and MnSOD knockdown on the expression of MnSOD and FoxM1 in LCSLCs. (B) Effect of genistein and MnSOD knockdown on the sphere formation activity of LCSLCs (scale bar, 100 µm). Effect of genistein and MnSOD knockdown on the protein expression levels of (C) CD133, CD44, (D) Bmi1 and Nanog in LCSLCs. Effect of genistein and MnSOD knockdown on LSCLC (E) migration (scale bar, 200 µm) and (F) invasion (scale bar, 100 µm). MnSOD, manganese superoxide dismutase; lung cancer stem-like cell; FoxM1, Forkhead box protein M1; CD, cluster of differentiation; Bmi1, BMI1 proto-oncogene, polycomb ring finger; Nanog, Nanog homeobox; GEN, genistein; sh, short hairpin RNA; NC, negative control.](ol-20-03-2506-g02){#f3-ol-0-0-11802}

![FoxM1 overexpression antagonizes genistein-mediated effects on H460 cell LCSLC characteristics. (A) FoxM1 overexpression antagonized genistein-mediated suppression of FoxM1 protein expression in H460 cells. (B) FoxM1 overexpression antagonized genistein-mediated inhibition of spheroid formation in H460 cells (scale bar, 100 µm). FoxM1 overexpression antagonized genistein-mediated inhibition of (C) CD133, CD44, (D) Bmi1 and Nanog protein expression in H460 cells. FoxM1 overexpression antagonized genistein-mediated inhibition of H460 cell (E) migration (scale bar, 200 µm) and (F) invasion (scale bar, 100 µm). FoxM1, Forkhead box protein M1; LCSLC, lung cancer stem-like cell; CD, cluster of differentiation; Bmi1, BMI1 proto-oncogene, polycomb ring finger; Nanog, Nanog homeobox; GEN, genistein; MnSOD, manganese superoxide dismutase.](ol-20-03-2506-g03){#f4-ol-0-0-11802}

![Cooperative effects of genistein and FoxM1 knockdown on cancer stem-like cell characteristics of H460-derived LCSLCs. (A) Effect of genistein and FoxM1 knockdown on MnSOD and FoxM1 expression in LCSLCs. (B) Effect of genistein and FoxM1 knockdown on the spheroid formation activity of LCSLCs (scale bar, 100 µm). Effect of genistein and FoxM1 knockdown on the protein expression levels of (C) CD133, CD44, (D) Bmi1 and Nanog in LCSLCs. Effect of genistein and FoxM1 knockdown on LCSLC (E) migration (scale bar, 200 µm) and (F) invasion (scale bar, 100 µm). FoxM1, Forkhead box protein M1; LCSLC, lung cancer stem-like cell; MnSOD, manganese superoxide dismutase; CD, cluster of differentiation; Bmi1, BMI1 proto-oncogene, polycomb ring finger; Nanog, Nanog homeobox; GEN, genistein; sh, short hairpin RNA; NC, negative control.](ol-20-03-2506-g04){#f5-ol-0-0-11802}

![Genistein inhibits cancer stem-like cell characteristics of A549-derived LCSLCs. (A) Genistein decreased the expression levels of MnSOD and FoxM1 in A549-derived LCSCLs. (B) Genistein reduced spheroid formation rates in A549-derived LCSLCs (scale bar, 100 µm). Genistein decreased the protein expression levels of (C) CD133, CD44, (D) Bmi1 and Nanog in A549-derived LCSLCs. Genistein inhibited A549-derived LCSLC cell (E) migration (scale bar, 200 µm) and (F) invasion (scale bar, 100 µm). LCSLC, lung cancer stem-like cell; MnSOD, manganese superoxide dismutase; FoxM1, Forkhead box protein M1; CD, cluster of differentiation; Bmi1, BMI1 proto-oncogene, polycomb ring finger; Nanog, Nanog homeobox; GEN, genistein.](ol-20-03-2506-g05){#f6-ol-0-0-11802}
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